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Summary:
In order to validate the use of technetium-99m-d,l-hexamethylpropyleneamine oxime (HM-PAO) as a flow tracer, a total of 21 cases were studied with single photon emission computerized tomography (SPECT), and compared to regional cerebral blood flow (rCBF) measured by position emission tomography (PET) using the oxygen-15 CO2 inhalation technique. Although HM-PAO SPECT and rCBF PET images showed a sim ilar distribution pattern the HM-PAO SPECT image showed less contrast between high and low activity flow regions than the rCBF image and a nonlinear relationship between HM-PAO activity and rCBF was shown. Based An increasing interest in three-dimensional map ping of regional cerebral perfusion and metabolism has stimulated the development of radiopharmaceu ticals that can be used for single photon emission computerized tomography (SPECT). Among the re cently studied radiopharmaceuticals, e 2 3I]N isopropyl-p-iodoamphetamine (IMP) and techne tium-99m-d,l-hexamethylpropyleneamine oxime (HM-PAO) are particularly suitable. They both have a high extraction efficiency at the blood:brain barrier, and both have a long retention in the brain (Winchell et aI., 1980; Sharp et aI., 1986) .
In previous studies, we have shown in some S82 on the assumption of flow-dependent backdiffusion of HM-PAO from the brain, we applied a "linearization algorithm" to correct the HM-PAO SPECT images. The corrected HM-PAO SPECT images revealed a good lin ear correlation with rCBF (r = 0.901, p < 0.001). The results indicated HM-PAO can be used as a flow tracer with SPECT after proper correction. Key Words: Tech netium-99m-d,l-hexamethylpropyleneamine oxime Cerebral blood flow-Single photon emission computed tomography (SPECT)-Positron emisssion tomography (PET)-Cerebrovascular disease. cases of brain tumor or cerebral infarcts in the sub acute stage that IMP uptake does not correlate with regional cerebral blood flood (rCBF) measured by positron emission tomography (PET) using the ox ygen-IS carbon dioxide (C0 2 ) inhalation method (Tanada et aI., 1985; Nishizawa et aI., 1987b) . In contrast, the regional distribution of HM-PAO has been demonstrated to correlate well with cerebral blood flow measured by xenon-133 inhalation SPECT in clinical studies including brain tumor and subacute cerebral infarction. These observations suggest the possible superiority of HM-PAO over IMP as a blood flow tracer for SPECT (Andersen et aI., 1987; Lassen et aI., 1987a) . On the other hand, a direct comparison of IMP and HM-PAO SPECT in the same subjects revealed a lower contrast in terms of both the gray to white matter ratio and the normal region to ischemic region activity ratio (Nishizawa et aI., 1987a) .
The relatively poor contrast in the HM-PAO SPECT image can be explained in part by the non-linear relationship between blood flow and HM PAO uptake that is caused by a flow-dependent backdiffusion of lipophilic HM-PAO from the brain to the blood prior to measurement with SPECT (Lassen et al., 1987 a) . Based on the hypothesis of a flow-dependent backdiffusion of HM-PAO, we have corrected the HM-PAO SPECT images in the present study using "linearization algorithm" de scribed by Lassen et al. (1987b) . We compared the original as well as the corrected HM-PAO SPECT images with rCBF measured by the oxygen-lS CO2 continuous inhalation technique and PET in order to validate the use of HM-PAO as a blood flow tracer in the brain.
MATERIALS AND METHODS

Subjects
We studied 21 cases (16 males and 5 females) compris ing 14 patients with cerebrovascular disease and 7 with other neurological diseases. Their ages ranged from 35 to 63 years (average of 53.9 years). All subjects gave their informed written consent.
Five cases out of the 14 patients with cerebrovascular disease had suffered major ischemic stroke and 4 had cerebral hemorrhage according to the X-ray transmission computerized tomography (CT) scans. The other five cases had occlusion or severe stenosis of the internal ca rotid artery or middle cerebral artery without visible in farction on CT scan.
We also studied five cases with dementia, including three with suspected Alzheimer's disease and two with vascular dementia, and two cases with brain tumors. No cases in the series had structural lesions in the cerebel lum.
Radiopharmaceuticals
Technetium-99m-HM-PAO was prepared from a freeze-dried kit containing 0.5 mg of HM-PAO, 7.6 ,... g of stannous chloride, and 4.5 mg of sodium chloride in a vial (Amersham Medical Ltd., Tokoyo, Japan). Technetium-99m-HM-PAO was prepared by adding 20 mCi of [99mTc]-sodium pertechnetate in 5 ml saline solution just before injecting the tracer to the patients. The radiochem ical purity was determined by thin layer chromatography using three different solvent systems; 0.9% saline for de tection of free pertechnetate, methylethylketone for de tection of the secondary complex of HM-PAO, and 50% acetonitrile for detection of the reduced hydrolyzed tech netium (Nowotonik et aI., 1985; Sharp et aI., 1986) . The radiochemical purity of the lipophilic HM-PAO thus de termined was greater than 90% at the time of injection.
Scanning procedure
SPECT imaging of the brain was performed using a multidetector scanner (SET-030W; Shimadzu Co., Ky oto, Japan), which provided three tomographic slices at 30 mm intervals simultaneously. Each detector ring had 128 sodium iodide crystals. The spatial resolution in the image plane was 11 mm expressed as the full width at half-maximum counting rate of a line source (FWHM) at the center of the field, which improved to 10 mm at 10 cm from the center. The axial resolution was 23.5 mm at the center. The sensitivity measured by a 20 cm diameter cylindrical phantom filled with technetium-99m solution was 6.6 kcps/,... Ci/ml using a ±20% energy window set symmetrically around the photopeak.
After an intravenous bolus injection of 20 mCi of tech netium-99m-HM-PAO, the projection data were acquired for 15 min starting at 5 min postinjection. The SPECT images were reconstructed by filtered backprojection al gorithm using Ramp filter convoluted with Butterworth filter (cutoff frequency 0.30 and order 4) (Budinger et aI., 1979) . The attenuation correction was carried out using the corrected geometric mean approach assuming the uni form attenuation factors (Budinger et aI., 1977) . No scat ter correction was performed. The final SPECT images covered the field of 21 cm in diamter with a 64 x 64 matrix.
Regional cerebral blod flow (rCBF) was measured by the oxygen-15 steady-state technique (Frackowiak et aI., 1980) by means of a multislice PET scanner, Positologica III (Senda et aI., 1985) . This scanner had four detector rings, each containing 192 bismuth germanate crystals, which allowed simultaneous acquisition of seven tomo graphic slices at 16 mm intervals. The spatial resolution was 7.6 mm in FWHM at the center of the field and 8.1 mm at 10 cm from the center. The axial resolution was 12 mm at the center. The sensitivity measured by a 20 cm cylindrical phantom filled with gallium-68 solution was 34.2 kcps/,... Cilml in the direct plane and 52.2 kcps/,... Cilml in the cross plane.
Following a transmission scan with a german ium-68/gallium-68 rotating standard plate source (Senda et aI., 1985) , the patient received a continuous inhalation of oxygen-15 CO2 gas (3 to 5 mCi/min) and the emission scan was performed for 5 min after the radioactivity of the brain reached a plateau. The PET images were recon structed by the filtered backprojection algorithm using Shepp-Logan filter convoluted with a 2 mm sigma Gaus sian function after the attenuation correction. Three ar terial samples were drawn during the emission scan and the average activity of these samples was used for calcu lation of rCBF.
SPECT and PET were performed on the same day or within a couple of days to minimize changes in cerebral blood flow between the two measurements. Positioning of the head was performed by aligning the orbitomeatal (OM) line with a slit light beam. Both with PET and with SPECT, the lower slice was positioned as 2 cm above the OM line, so that the cerebellum was included. The two other SPECT images corresponded to the planes 5 and 8 cm above the OM line, i.e., to the level of basal ganglia (middle slice) and that of centrum semiovale (upper slice), respectively. Since this PET scanner provided seven to mographic images with slice intervals different from that of the SPECT scanner, we selected three PET images corresponding as closely as possible to the SPECT slices for comparison. These were the bottom slice correspond ing to the cerebellum (lower slice), the third slice includ ing the basal ganglia (middle slice), and the fifth slice comprising the centrum semiovale (upper slice).
Linearization of HM-PAO images
We used a three-compartment model for the HM-PAO kinetics in the brain proposed by Lassen et ai. (1987a) . The final equation for calculating relative blood flow can be expressed as
where FIFr is a ratio of flows in each region to a reference region and ClCr is a ratio of activities in those regions.
The value of Ct is given as a ratio of the rate of backdif fusion of the diffusible lipophilic HM-PAO from the brain to the blood (k2) and the conversion rate of the lipophilic HM-PAO to the hydrophilic form (k3)' Therefore,
where E and 'A are the extraction and the partition coef ficient of the lipophilic HM-PAO, respectively.
We took the average counts in the cerebellum as Cn and thus the blood flow in the cerebellum Fr is the refer ence flow. The value of Ct was obtained from Eq. (2) by taking k3 = 0.75 -I, Fr = 0.55 ml/g/min, A = 1.0 ml/g, and E = 0.9, and Ct = 1.5 (Andersen et aI., 1987; Lassen et aI.,1987a) .
Using Eq. 1, the "corrected" FIFr value was calcu lated in each pixel of the three slices of the SPECT im ages. In cases with cerebrovascular disease, the cerebel lar hemisphere ipsilateral to the diseased cerebral hemi sphere was selected as the reference region in order to avoid possible effect of crossed cerebellar diaschisis (Baron et aI., 1980) .
Data analysis
The original HM-PAO SPECT images, the corrected HM-PAO SPECT images, and the rCBF images mea sured by PET were compared in each case. In addition to visual inspection, the activity ratio of the cerebral cortex to the cerebellar region was calculated in all cases.
Square-shaped regions of interest (ROI) (23 x 23 mm) were placed symmetrically over the bilateral cerebral cor tices: frontoparietal and parietal cortex in the upper slice, and frontal, temporal, and occipitotemporal cortex in the middle slice. Cerebellar activity was measured as the av erage counts in the bilateral cerebellar hemispheres in cases with noncerebrovascular diseases, while in cases with cerebrovascular disease, only the cerebellum ipsi lateral to the diseased cerebral region was selected to avoid the possible effect of crossed cerebellar diaschisis.
Small differences in the axial positioning of PET and SPECT in the two cerebral slices were not considered to result in a significant errors because of the poor axial resolution of the SPECT scanner. Figure 1 shows an example of the results of the correction of the HM -P A 0 SPECT images using the "linearization algorithm" in a patient with stenosis of the right internal carotid artery. No perfusion defects were seen in this study and the correspond ing blood flow study obtained with PET was also normal. The "linearization" correction improved the contrast between high and low flow regions. The gray/white matter ratio calculated from the ac tivities in the parietal cortex and those in the cen trum semiovale in the upper slice was 1.39 in the original HM-PAO image, which increased to 1.75 in the corrected HM-PAO image. The corresponding ratio of rCBF PET measured in the same brain re gions was 3. 1. Figure 2 shows the pixel-by-pixel comparison of the HM-PAO ClCr ratio measured by SPECT and rCBF measured by PET in the middle slice of this case. A plot of the data showed a non linear relationship between the ClCr ratio obtained from the original SPECT image and rCBF measured with PET. After correcting the HM-PAO SPECT image using the "linearization algorithm" [Eq. (1)), a plot of the F/Fr ratio and rCBF data more closely approximated a linear relationship.
RESULTS
The corrected HM-PAO SPECT images also showed better contrast between the hypoperfused areas and normal brain regions in conparison to the original HM-PAO SPECT images. PET revealed a regional decrease of rCBF in 13 of the 14 patients with cerebrovascular disease. One case with severe stenosis of the right internal carotid artery did not show a focal decrease in rCBF. The original HM PAO SPECT images demonstrated a similar pattern of regional decrease in HM-PAO uptake in 11 pa tients out of the 13 cases, while no abnormality was observed in the remaining 2 cases. Both of these cases had unilateral mild ischemia in the PET im ages due to the occlusion of the internal carotid artery without evidence of cerebral infarction on X-ray CT scan. The "linearization" correction im proved the contrast between the ischemic and the normal regions. The corrected HM-PAO SPECT images delineated the mild ischemic lesion more clearly, including one of the two cases with mild unilateral hypoperfusion that could not be dis cerned on the original HM-PAO SPECT images. Figure 3 shows a patient with cerebral infarction in the left hemisphere studied on the second day after the attack. The X-ray CT scan showed a slightly reduced density in the posterior part of the left hemisphere, and PET revealed a markedly di minished blood flow in the same region. Both the original and the corrected HM-PAO images de tected this severe ischemia. However, in the ante rior part of the left hemisphere, where rCBF was only slightly reduced, the original HM-PAO image did not clearly reveal this mild ischemia. This mildly ischemic lesion was better seen in the cor rected HM-PAO image.
In the seven cases with other neurological dis eases, the distribution patterns of the original HM PAO SPECT images were very similar to those of the rCBF images and the corrected SPECT images showed the hypoperfused lesion with better con trast. Figure 4 shows a patient with suspected Alzheimer's disease. The X-ray CT scan was essen tially normal for the patient's age. PET showed a A typical pattern of diminished perfusion in the tem poroparietal cortex on both sides. Both the original and the corrected HM-PAO SPECT images showed the same pattern as the rCBF image but the contrast between the high and low flow regions was visual ized better in the corrected image. Figure 5 shows a patient with meningioma and an extremely high blood flow in the tumor. The SPECT study demon strated a remarkedly high uptake of HM-PAO in the tumor; the corrected HM-PAO SPECT image and rCBF measured by PET showed essentially the same pattern. 8 Figure 6 shows the results of a comparison be tween HM-PAO SPECT and rCBF PET. Although the ClCr ratios of the original HM-PAO images again showed a nonlinear relationship with rCBF, the "linearization correction" of the HM-PAO SPECT images resulted in a more linear relation ship between FIFr and rCBF (r = 0.901, Y = 0.206 + 0.787X, p < 0.001).
DISCUSSION
Since the development of HM-PAO (Sharp et al., 1986) , the use of HM-PAO as a blood flow tracer in the brain has been supported both in animals using an autoradiographic technique (Lear, 1987) and in humans comparing HM-PAO with xenon-133 inha lation CBF measured by SPECT (Andersen et al., 1987) . In this study, we used PET and the oxygen-15 steady-state technique to measure rCBF. Al though this method has been validated and used widely, it has some inherent limitations in the ac curacy of rCBF measurement Lammertsma et al., 1982) . The nonlinear relation-ship between rCBF and the regional activity of ox ygen-IS water in the brain tissue measured by PET may cause a significant error in the calculation of rCBF, especially in the high flow regions. In addi tion, oxygen-IS water is not a perfect freely diffus ible tracer and may underestimate rCBF in a hyper vascular tumor. Therefore, we omitted the case of meningiomia from our overall analysis and per formed a quantitative comparison of HM-PAO SPECT and rCBF PET only in cerebral structures. (1)], the plot more closely approximates a linear relationship (right) (r = 0.901, Y = 0.206 ± 0.787X, p < 0.001).
The present study demonstrated the nonlinear re lationship between HM-PAO uptake and rCEF measured by PET. As shown by Lassen and co workers, external counting of the human brain fol lowing an intracarotid bolus injection of HM-PAO demonstrated a high initial extraction followed by a significant washout of the tracer for 2 to 3 min. Shortly thereafter, a plateau level of brain activity is reached that represents about 40 to 50% of the peak activity (Lassen et al., 1987a) . Since the washout of the diffusible tracer is flow-dependent (i. e., greater washout in high flow regions), this can explain the nonlinear relationship between HM-PAO uptake measured in the plateau or steady-state phase and rCEF. The correction of the HM-PAO SPECT im ages based on this hypothesis using the "lineariza tion algorithm" suggested by Lassen et al. (1987a) not only improved the contrast between the isch emic and normal regions but also provided a better linear correlation with rCEF.
The "linearization algorithm" converts the activ ity ratio (ClCr) measured in the original HM-PAO SPECT image to a corrected blood flow ratio (FIF4) using Eq (1). This algorithm assumes a constant value for <x, which is a function of E, Fn A, and k3• In most cases, the brain activity is stable over sev eral hours and the leakage of the hydrophilic or trapped compound from the brain seems to be small. However, this may not be the case with breakdown of the blood: brain barrier, and high J Cereb Blood Flow Me/ab, Vol. 8, Suppl. I, 1988 blood flow in hypervascular tumor, such as menin gioma. In addition, the value of a might be different in each individual case or in particular diseased re gions of the brain. The variation of the <X value may result in large errors especially for flows above the reference flow (FIFr > l). Therefore, it is best to use a high flow region as the reference region for this correction. Although the cerebellum may not be the region with highest blood flow in the brain, it has other virtues including small variations in flow for many pathological conditions and it is conve nient to use as the reference flow region. It is ob vious that another reference brain region must be considered in patients with diseases that involve the cerebellum. Recent studies have demonstrated that many cases with supratentorial lesions also have a decrease of flow and metabolism in the contralater al cerebellar hemisphere due to the transneuronal suppression of brain activity. For this reason, we excluded the contralateral cerebellum as the refer ence flow region in our cases with unilateral cere brovascular disease.
Several factors should be considered in a com parison of the two measurements of cerebral blood flow. From the physiological point of view, changes in cerebral blood flow due to the variation of blood pressure and arterial pC02 are of importance. Al though the corrected HM-PAO SPECT images demonstrated a good linear correlation with rCBF, the contrast between the hypoperfused area and the normal regions as well as the gray to white matter (F/Fr) ratio after correction were still less than the rCBF contrast or brain region ratio measured by PET. This is partly due to the different physical characteristics of PET and SPECT with regard to spatial resolution and influence of scattered radia tion. The lower spatial resolution of the SPECT im ages decreases the contrast between high and low flow regions (Hoffman et aI., 1979) . Moreover, the SPECT images are much more influenced by scat tered radiation than are the PET images. No scatter correction was performed to the SPECT images in this study because the appropriate method has not been established. Although the amount of scattered radiation depends on the distribution of radioactiv ities and the attenuation, the estimated scatter com ponent determined by the cylindrical phantom with our SPECT scanner was about 15 to 20% of the average activity in the periphery and it was some what more in the center. For both of these reasons, we would expect to find less contrast with SPECT. If quantitative measurements can be achieved by SPECT in the future, a more appropriate parameter for the "linearization algorithm" can be estimated from the direct comparison of PET and SPECT im ages in each case.
The present approach cannot provide values for absolute blood flow with HM-PAO SPECT. Yet HM-PAO SPECT imaging and image correction us ing the "linearization algorithm" corresponded very closely to rCBF as validated by our study and by other similar comparisons performed in specific clinical disease states (lnugami et aI. , 1988; Langen et aI., 1988) . HM-PAO SPECT can provide "maps" of relative CBF that will be clinically useful.
